• N-doped carbonaceous catalysts towards ORR are synthesized.
• Flaky and rod-like morphology are achieved using different carbon precursors.
• The structure-electrochemical performance relationship is revealed.
• Fuel cell testing delivers the peak power density as high as 703 mW cm 
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A B S T R A C T
Developing the low-cost, highly active carbonaceous materials for oxygen reduction reaction (ORR) catalysts has been a high-priority research direction for durable fuel cells. In this paper, two novel N-doped carbonaceous materials with flaky and rod-like morphology using the natural halloysite as template are obtained from urea nitrogen source as well as glucose (denoted as GU) and furfural (denoted as FU) carbon precursors, respectively, which can be directly applied as metal-free electrocatalysts for ORR in alkaline electrolyte. Importantly, compared with a benchmark Pt/C (20wt%) catalyst, the as-prepared carbon catalysts demonstrate higher retention in diffusion limiting current density (after 3000 cycles) and enhanced methanol tolerances with only 50-60mV negative shift in half-wave potentials. In addition, electrocatalytic activity, durability and methanol tolerant capability of the two N-doped carbon catalysts are systematically evaluated, and the underneath reasons of the outperformance of rod-like catalysts over the flaky are revealed. At last, the produced carbonaceous catalysts are also used as cathodes in the single cell H 2 /O 2 anion exchange membrane fuel cell (AEMFC), in which the rod-like FU delivers a peak power density as high as 703 mW cm 
Introduction
The oxygen reduction reaction (ORR) is a key electrochemical reaction that enables the conversion of oxygen and hydrogen to water in polymer electrolyte fuel cells (PEFCs) [1] . Platinum-based catalysts are normally used in PEFCs but high cost, scarcity and CO poisoning remains a risk hindering their commercialization. Intensive research efforts have been directed towards designing efficient alternatives to Ptbased catalysts, primarily to reduce cost (improve the performance/cost ratio) and to achieve higher reactant selectivity (e.g. cathode catalysts that are tolerant to fuel cross-over from the anode) [2] . N-doped carbonaceous materials are promising low-cost, metal-free ORR catalysts that could offer affordable and durable fuel cells [3] . The incorporation of nitrogen atoms within a carbonaceous skeleton creates a net positive charge on the adjacent carbon atom and modulates O 2 chemisorption energy, weakens the O-O bond strength, and facilitates the direct oxygen reduction via the desired four electron pathway (minimizes generation of reactive peroxide species), leading to a significant enhancement in ORR performance [4, 5] .
The ORR active sites induced by heteroatom doping must be easily accessible to ensure an efficient reaction. To achieve easily accessible active sites, it is important to tailor the geometric structure during catalyst synthesis. The following features are recognized as desirable material characteristics [6, 7] : i) a high surface area to accommodate an adequate number of active sites; ii) a tailored morphology that enhances the exposure of catalytic centers to maximize utilization efficiency; iii) a hierarchical porous structure to facilitate the diffusion of O 2 molecules. Therefore, finding a strategy that combines abundant active sites with desirable structure is essential for obtaining an efficient electrocatalyst with the optimal mass transfer of ORR-relevant species.
To date, many approaches have been reported for the synthesis of carbonaceous ORR catalysts with different characteristics, such as the use of the sol-gel process [8] , hydrothermal carbonization [9] , pyrolysis routes [10] , or template methods [11] (or a combination of thereof) that have utilized a range of precursors including biomass [12] , organic substances [13] , polymers [14] , and resins [15] . The templating method is regarded as an effective approach to yield carbon materials with well controlled morphology, pore structure and surface area. Prior work has involved a wide range of templates such as silica spheres [16] , mesoporous silicas [17] , zeolites [18] , metal oxides [19] , and metalorganic frameworks (MOF) [20] . Among these, the well-ordered hexagonal mesoporous silica SBA-15 [17] is commonly used to obtain ordered mesoporous carbons as promising ORR electrocatalysts that possess large accessible surface areas, fast charge transportation pathways and shortened diffusion paths for active species and reactant O 2 [21] . However, SBA-15 requires a tedious preparation process. With a regular microtubular morphology, halloysite (a natural aluminosilicate clay mineral) has advantages such as low cost, availability of large quantities, and possession of rich mesopores; it represents an ideal alternative template for the controlled preparation of porous carbonaceous materials [22, 23] .
Although numerous carbonaceous materials have been developed and their ORR activities tested with ex situ electrochemical measurements are conducted (e.g. rotating disk hydrodynamic voltammetry), the evaluation of performances in real fuel cells is less common. A limited number of papers reporting the performance of carbonaceous ORR catalysts in PEFCs exist [24, 25] , showing a maximum peak power density of 360 mW cm −2 and high tolerance to gas impurity. Although electrochemical measurements show that carbonaceous ORR catalysts perform better in alkaline environment [26, 27] , testing of their performance in anion exchange membrane fuel cells (AEMFC) has been scarce [28] [29] [30] . This is due to the limited choice and availability of anion exchange membranes (AEM) and anion-exchange ionomers (AEI) with adequate performances, a situation that has recently been addressed at the University of Surrey [31] [32] [33] . Recently, a nanoporous graphene enriched with Fe/Co-N cathode catalyst was tested in a AEMFC and delivered a peak power density of 35 mW cm −2 compared to 60 mW cm −2 when using Pt/C (40wt%, E-TEK) [34] . A Co/N/ MWCNT cathode catalyst exhibited a AEMFC power density of 115 mW cm −2 , which compared well to 120 mW cm −2 with Pt/C (46wt %, Tanaka) [35] . It is difficult to fully compare the absolute performances of these catalysts because of the different anion-exchange polymer materials used and the different test conditions applied. Nonetheless, these results show that the performance of AEMFC (with non-Pt cathode catalysts) needs to be improved. It is also worth noting that these non-Pt-group-metal cathodes contain metals like Fe or Co, while the direct application of metal-free carbonaceous catalysts in AEMFCs may be desirable for simplicity, lower-cost and durability. In the present study, tubular halloysite is used as the template to direct the structure of the resulting carbonaceous catalysts. Two different carbon precursors, glucose and furfural, were used and urea was chosen as the nitrogen source. By tailoring the synthesis processes with the same template, N-doped carbonaceous materials with flaky and rodlike morphology were obtained for use as metal-free ORR electrocatalysts in alkaline medium. These catalysts were fabricated into electrodes for testing in single cell H 2 /O 2 AEMFC so that the relationship between structural properties and in situ beginning-of-life ORR performances could be elucidated. The study highlights the key roles of various structural parameters (e.g. morphology, surface area, porosity, graphitization degree) on the ORR performance. Our findings will aid in the future design of further high performance ORR catalysts and fuel cell electrodes based on tailored carbonaceous materials.
Experimental section
Chemicals and materials
Halloysite nanoclay (Al 2 Si 2 O 5 (OH) 4 ·2H 2 O), D (+)-glucose (≥99.5% (GC)), furfural (FA, 99%), urea (BioReagent), ammonium hydrogen difluoride (≥97.5%), sulphuric acid (95%-98%), potassium hydroxide (≥85%), ethanol and isopropanol (IPA, > 99.5%) were purchased from Sigma-Aldrich (UK). Nafion ® D-520 dispersion (5%wt in water and 1-propanol), Pt/C (20%wt), Pt/C (40%wt) and Toray Carbon Paper (TGP-H-60, 19×19cm) were sourced from Alfa Aesar (UK). Ultrapure water (UPW, resistivity=18.2MΩcm) from a Millipore water system was used throughout.
Synthesis of flaky N-doped carbonaceous materials (GU)
Typically, 0.5g pristine halloysite (HA) was dispersed in 18mL UPW under stirring at room temperature. Then 1g glucose and 1g urea were introduced, followed by stirring for 2h. The obtained mixture was transferred into a 25mL Teflon-lined stainless-steel autoclave, sealed and maintained at 200°C for 24h hydrothermal carbonization. After cooling to room temperature, the as-prepared brown precipitate was collected by centrifuging followed by rinsing and freeze drying. Afterwards, the product was carbonized at 1000°C for 3h with a heating rate of 5°C min −1 under a nitrogen atmosphere. After cooling to room temperature, a loose black solid of halloysite/N-doped carbon nanocomposite was obtained, which was ground into a fine black powder. The black powder was soaked with 4M ammonium hydrogen difluoride to remove the halloysite template (see results section for evidence of complete removal). The flaky N-doped carbonaceous material obtained was centrifuged several times until the supernatants achieved pH=7 and then dried in a vacuum oven at 80°C overnight. The as-prepared flaky N-doped carbonaceous material is designated GU (due to the glucose and urea precursors used).
Synthesis of rod-like N-doped carbonaceous material (FU)
The pore walls of the halloysite were acidified via the impregnation of conc. sulphuric acid prior to their use as template for selective formation of carbon frameworks inside the template pores. Following the literature [36] but with minor modifications, 2g halloysite was mixed with 100mL of 4mM aqueous solution of sulphuric acid in a beaker under magnetic stirring for 1h. Then the beaker was heated in a convection oven at 170°C for 12h to evaporate the water and anchor the sulphuric acid onto the mesopore walls via covalent bonds. The remaining physically adsorbed sulphuric acid was removed by a repeated washing and filtration using UPW until the pH of filtrate=7. The obtained H 2 SO 4 -HA was dried at 80°C for 12h.
The following is a typical procedure for the synthesis of rod-like Ndoped carbonaceous material. 1 gH 2 SO 4 -HA was added to 20mL ethanol followed by the addition of 333μL furfural (130% of the total pore volume of H 2 SO 4 -HA based on BET analysis) and 0.386g urea. The mixed solution was then stirred for 3h. Afterwards, the mixture was subjected to vacuum at room temperature for 24h to complete the impregnation process. Subsequently, the polymerization of furfural was carried out by heating the mixture to 80°C for 12h followed by solidification by raising the temperature to 150°C for 2h. The solid was finally subjected to the carbonization, template removal, washing and drying processes described for the synthesis of the GU material (above). The as-prepared rod-like N-doped carbonaceous material is designated FU (due to the furfural and urea precursors used).
Materials characterization
The microstructure of the carbonaceous materials was examined using a Hitachi HD-2300A scanning transmission electron microscope (STEM) at an accelerating voltage of 200kV. SEM images were obtained with a JSM-7100F field emission scanning electron microscope. X-ray diffraction (XRD) patterns were recorded with a Siemens D5005 powder X-ray diffractometer operated at 40kV and 20mA and using Cu Kα (λ=0.15418nm) radiation. X-ray photoelectron spectroscopy (XPS) measurements were carried out on an XPS spectrometer (ThetaProbe model, ThermoScientific, USA) using high power monochromatized Al Kα radiation. The Raman spectra were collected on a Renishaw inVia™ Qontor ® confocal Raman microscope using a 532nm laser. Thermogravimetric analysis (TGA) (NETZSCH, TG209F1) was performed at a heating rate of 10°C min −1 from room temperature to 900°C in an air atmosphere. Nitrogen adsorption and desorption isotherms were measured on a NOVA e-Series instrument (Quantachrome Instruments, USA) using N 2 at 77K. Prior to the measurement, the samples were degassed under vacuum at 150°C overnight. The specific surface area was calculated using the Brunauer-Emmett-Teller (BET) method with the adsorption data at a relative pressure range of 0.05-0.2. The total pore volume was estimated to be the liquid volume of N 2 at P/P 0 =0.95. The pore size distributions (PSDs) were obtained from the nitrogen desorption data using non-local density functional theory (NLDFT) for slit-pore geometry.
Electrochemical measurements
Electrochemical measurements were conducted using Metrohm Autolab PGSTAT302N and Multi Autolab instruments. The catalyst inks were prepared by ultrasonically dispersing 3.0mg of catalyst in a solution containing 770μL deionized (DI) H 2 O, 200μL isopropanol (IPA) and 30μL Nafion (5%wt) solution. Each catalyst ink was cast onto the glassy carbon disk (Ø=5mm) of an inverted rotating ring-disk electrode (RRDE) that was spinning at 600rpmat room temperature to achieve uniform coatings on the electrode surface at 0.211mgcm
The measurements were performed in a conventional three-electrode cell, with Ag/AgCl (3M KCl) as the reference electrode, a Pt rod as the counter electrode, and the catalyst film coated RRDE as the working electrode. The electrolytes used were either N 2 -or O 2 -saturated aqueous 0.1M KOH solution. 
where I D and I R are the faradaic current at the disk and ring, respectively, N is the H 2 O 2 collection efficiency at the ring (N=0.249 provided by the manufacturer).
The accelerated durability test (ADT) was carried out by continuous potential cycling between 0.6V and 1.2V vs. RHE at 50mVs −1 in N 2 -saturated 0.1M KOH solution. After 3000 cycles, the ORR steady-state polarization measurements were conducted in O 2 -saturated 0.1M KOH solution at 10mVs −1 with the RRDE rotation rate of 1600rpm. The current-time chronoamperometric response was also recorded at 0.55V vs. RHE with a fresh prepared RRDE rotated at 800rpm in O 2 -saturated 0.1M KOH for 30000s to further check the durability. The methanol tolerance ability of the materials was also checked by chronoamperometric measurement using a freshly prepared RRDE. After 300s of the analysis, 15.8mL methanol was injected into the electrolyte to yield 3M methanol concentration.
Anion exchange membrane fuel cell (AEMFC) testing
The membrane electrode assemblies (MEA) were prepared using a method previously reported [32] and using the previously reported anion-exchange ionomer (AEI) powder with an ion-exchange capacity of 1.24 ± 0.06 meq g −1 [37] . The catalyst inks were directly spray painted onto Toray carbon paper (PTFE-treated TGP-H-60) gas diffusion layers. The non-Pt cathode layer was prepared by spraying a slurry of N-doped carbonaceous catalysts and AEI powder (4:1weight ratio) in a mixture of water and IPA (volume ratio of 1:9): the catalyst loading was 1mgcm −2 . The anode catalyst layer was painted by using Pt (50% wt)Ru (25%wt)/C and the AEI powder (4:1weight ratio) with a total catalyst loading of 0.8mgcm
(Pt loading was 0.4mgcm −2 ). The radiation-grafted anion-exchange membrane (AEM) was based on ETFE and contained benzyltrimethylammonium head-groups (ion-exchange capacity=2.1mmolg −1 and hydrated thickness=60μm) [32] . Before fabrication of the MEA, the electrodes and the AEM were soaked in aqueous 1M KOH solution for 1h (to replace the halide anions with the desired OH − anions) followed by complete washing with UPW. For each MEA, the wet form of the AEM was placed between an anode and the test cathode (all 5cm 2 geometric areas) and assembled in the single cell fuel cell fixture (with no prior hot-pressing) to a torque of 4Nm. The testing was conducted by using a fuel cell test station (850E, Scribner Associates, U.S.) 1 SLPM flows of humidified H 2 and O 2 (83% relative humidity) to the anode and cathode, respectively. All the polarization tests were measured at 60°C with ambient pressure under galvanostatic discharge.
Results and discussion
The morphology and structure of the as-prepared GU and FU materials were firstly investigated by STEM (Fig. 1) . The obtained GU material consists of thin carbon sheets with an irregular flaky morphology ( Fig. 1a and b) , indicating that the GU material does not replicate the structure of halloysites. In contrast, FU displays rod-like morphology with each single rod linked with the other (Fig. 1c and d) . The diameter of the rod structure is around 10-15nm. It is also worth noting that some pores were observed on the wall surface of the rod structure, which will enhance the surface area of the material. The reason for the different structures obtained with the same template could be ascribed to the interactions between the carbon precursors and halloysite templates. When the mineral template is directly dispersed into the glucose solution, the glucose molecules are easily adsorbed onto the outer surface of halloysite particles, due to the hydrogen bonding, so that a carbon coating is formed during the hydrothermal carbonization [38] . However, the resultant tubular structure is fragile towards cracking during the template removal process, owing to the large amount of released heat and the evolution of SiF 4 gas, which results in the sheet-like shape [22] . In contrast, sulphuric acid-treatment of the halloysite and the vacuum infiltration of furfural (FA) both contribute towards the realization of a rod-like carbon replica. The weak acidity of the template provides sufficient time for the infiltration of FA into the template mesopores and restricts the rapid polymerization of FA molecules [36] . Meanwhile, the vacuum helps remove impurities or trapped air from inside the tubular structure and facilitates the infiltration of solution into the channels of the halloysite by capillary force [23] . Therefore, rod-like carbonaceous materials are obtained after removal of the inorganic template. The larger morphology of the rod-like carbonaceous materials is also examined by the STEM, the image in Fig.S1 shows that the catalysts formed a network with the rodlike structure interconnected with each other, which will help improve the AEMFC performance as the network could facilitate the reactant diffusion.
To further understand the role of halloysite template in directing the final structures of GU and FU, template-free analogue materials were synthesized using the same synthesis conditions but without the addition of any halloysite (these template-free materials are designated uGU and uFU). SEM images clearly demonstrate that without templates the uGU material shows a dense structure with large (micrometer-sized) features, whilst the uFU appears to consist of quasi-spherical particles (Fig. 2) . Therefore, it is inferred that halloysite plays a key role in achieving the flaky and rod-like morphologies of the GU and FU catalysts, respectively.
The N 2 sorption isotherms and the pore size distribution (PSD) of GU and FU are displayed in Fig. 3 . The N 2 sorption volume for GU is lower than that for FU, but both yield type IV isotherms with H3 hysteresis loops (P/P 0 > 0.4), which highlights the mesoporous nature of these N-doped carbonaceous materials [39] . In addition, the feature observed in the adsorption branch of the N 2 sorption isotherm of FU at a relative low pressure (P/P 0 < 0.1) is typically associated with micropores [40] . The resulting PSD patterns, calculated from the desorption branches of N 2 isotherms using the DFT method, show a dominant peak centred at 4.1nm for GU (Fig. 3a) and two peaks centred at 1.5 and 3.6nm for FU (Fig. 3b) , revealing that the porosity of GU is predominantly mesoporous, while FU contains both micro-and mesopores. Regarding BET surface areas and pore volumes, the values for GU are lower than for FU (118 compared to 824m 2 g −1 and 0.22 compared to 1.23cm 3 g −1 for GU and FU, respectively). The origin of the porous structure is complicated and relates to the carbon precursor as well as the composition and morphology of the template. Generally, the Fig. 1. STEM images of (a,b) GU and (c,d) FU under the  scanning (a,c) and transition (b,d) electron mode. Red circles in Fig. 1d mark the pores formed in the rod-like structure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) reasons for the observed pore-structures are as following: 1) the hydroxyls of the halloysite may yield water molecules during the high temperature treatment process, which would facilitate pore formation; 2) the pyrolysis of organic precursors can release gaseous (small) organic molecules, which would also facilitate pore formation; 3) when carbon precursors partially fill the tubular cavities of the halloysite, any shrinkage of the carbonized carbon precursor would lead to porous space; 4) the removal of the halloysite template gives rise to pore channels; and finally 5) the randomly linked carbon sheets, together with the mutually constructed rod-like structure, would also lead to the formation of pores. Fig. 4a shows the powder XRD patterns of halloysite, GU, and FU. The diffraction peaks visible for halloysite are not visible in the patterns obtained with GU and FU, where the (002) and (100) peaks for graphite (2θ=25°and 45°, respectively) were observed. This indicates the absence of halloysite after the template removal processes and the presence of carbon. The TGA curves for GU and FU with an air atmosphere are presented in Fig. 4b . The mass loss around 100°C is due to the desorption of physically absorbed water and solvent molecules, while the mass losses occurring in the range 150-300°C attributed to the decomposition of oxygen-containing groups [38] . The combustion of the carbon materials occurs in the range 500-750°C, which leaves 0% residue at the end of the temperature ramps. This provides further evidence of the complete removal of the inorganic halloysite template. The Raman spectra shown in Fig. 4c verify the graphitization degree of the two N-doped carbonaceous materials. Two distinct peaks at around 1350 and 1590cm −1 are denoted as D and G band, respectively. The D band corresponds to the sp 3 defect sites indicating the presence of sites lacking graphitic carbons and the presence of dopant atoms, while the G band relates to the in-plane vibration of sp 2 carbon atoms of the graphitic carbon structure [41] . The relative intensity ratio of the D band to G band (R=I D /I G ) is an indicator of the graphitization degree where a lower R value indicates a higher degree of graphitic content in carbon materials. According to the calculation the R value of GU and FU is 1.01 and 1.00 indicating that the graphitization degree of FU is similar to GU.
To assess the effective introduction of N atoms into the carbonaceous materials, XPS analysis was carried out (Fig. 5) . The survey spectra (Fig. 5a ) of both materials display the presence of C, N, O, indicating successful doping with N atoms. The N-contents for GU and FU are 4.7% and 5.2%, respectively, showing no significant differences between the samples. Besides N-content, the nature of N-species is important for the ORR catalytic activity. The high-resolution N 1s spectra in Fig. 5b and c was deconvoluted into four N species: pyridinic N Fig. 2. SEM images of:(a) GU, (b) uGU, (c) FU, and (d) uFU. The uGU and uFU materials are synthesized without the use of a halloysite template. Fig. 3 . N 2 sorption isotherms and pore size distribution calculated from DFT method for (a) GU and (b) FU.
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(398.3eV), pyrrolic N (399.6eV), graphitic/quaternary N (400.7eV), and pyridine-N-oxide (402.3eV) [12, 42] , and the relative percentage of respective specie is shown in Fig. 5d . It is clear that pyridinic and graphitic N species dominate the composition where the pyridinic N contents are 34.4% for GU and 34.6% for FU, while the respective graphitic N contents are 51.8% and 54.0%. No S species were detected. These results are significant as it has been suggested that pyridinic and graphitic N species are the most active nitrogen moieties for ORR [43] . During the ORR process, the lone pair of e -on the pyridinic N directly bonds to and activates the O 2 molecules, while the graphitic N helps transfer e -from the electronic bonds of the carbon to the antibonding orbitals of O 2 , consequently facilitating O 2 dissociation on adjacent C atoms [44, 45] . The N functional groups present along with the porous structure are therefore expected to make these as-prepared carbonaceous materials potent ORR electrocatalysts. The electrocatalytic activity of the as-prepared N-doped carbonaceous materials were evaluated using RRDE in aqueous 0.1M KOH at room temperature. Cyclic voltammograms (CVs) recorded in N 2 -saturated solution reflect currents related with capacitance as well as the surface oxygen-containing groups, as evidenced by the quasi-rectangular plots (Fig. 6a) ; saturating the solutions with O 2 leads to the appearance of a well-defined cathodic peak centred between 0.7 and 0.8V vs. RHE, which provides initial evidence of electrocatalytic activity towards the ORR. To gain further insight into the ORR activity, oxygen reduction polarization curves were obtained by linear sweep voltammetry (LSV) with the RRDE rotated at 1600rpm in O 2 saturated aqueous electrolyte ( Fig. 6b): for comparison, the same loadings of N-doped carbon catalysts and Pt/C (20wt%) catalyst were used for these measurements. FU exhibited a slightly higher activity than GU in terms of half-wave potential (E 1/2 =0.76 vs. 0.75V, respectively) and diffusion limiting current densities (4.75 vs. 4.43mAcm the ORR mechanism and to quantify the H 2 O 2 yields, the potential of the Pt ring electrode in the RRDE system was set to 1.2V for detecting peroxide species formed at the disc electrode (Fig. 6c) . The ORR on Pt/ C catalyst proceeded mostly via 4e -transfer with 2.8% H 2 O 2 yield. The N-doped carbon catalysts could not match this performance but FU outperformed GU (n=3.74 and 3.47, respectively, with corresponding H 2 O 2 yields of 13.2% and 26.7%, respectively); this suggests that most of the O 2 molecules were fully reduced to H 2 O on the N-doped carbonaceous materials with the generation of small amounts of peroxide species. The LSV curves at different rotation rates (400-2400rpm) and with scan rates of 10mVs −1 were performed as well, and the corresponding Koutecky-Levich (K-L) plots at disk potentials of 0.4 and 0.7V vs. RHE are presented in Fig. 6d . The good linearity of the K-L plots indicates the ORR kinetics is first-order towards the concentration of dissolved O 2 and the similar slopes demonstrates similar electron transfer numbers at the different potentials. The ORR activity of the carbonaceous materials prepared without halloysite template (uGU and uFU) are compared with GU and FU. It clearly demonstrates in Fig. S2 that uGU and uFU materials exhibit a very poor ORR activity that was much lower than that for the GU and FU materials made with the template. uGU and uFU display an obvious two oxygen reduction waves, indicating the 2e − electron transfer process. The calculated n and H 2 O 2 % of the uGU and uFU are around 2.6 and 70%, respectively, further proving that templating with halloysite would adjust the structure of carbonaceous materials for the enhanced ORR activity. Moreover, the slightly better performance of FU over GU may arise from the higher surface area, a more optimal pore size distribution and its rod-like morphology given that both have a similar contents of the various N species. The higher surface area increases the chance to contact with reaction gas and electrolyte, thus potentially enhancing the three-phase boundary. The micro-and mesoporous architecture enhances access to the large quantity of active sites and so improves the mass-transport properties, leading to the ease of ion accessibility. The rod-like structure may be responsible for a reduction in diffusion resistance and for allowing efficient electron transport, which result in the improved ORR activities. The ORR activity results are summarized in Table 1 . The durability of catalysts is another critical consideration. To evaluate electrochemical stability, accelerated durability tests (ADT) were performed by cycling the catalysts between 0.6 and 1.2Vat 50mVs −1 under a N 2 atmosphere. The stability of catalysts towards ORR was analyzed by recording LSV curves in O 2 -saturated aqueous electrolyte before and after cycling. After 3000 continuous potential cycles, the half-wave potentials of GU and FU exhibited a negative shift 12mV, which was much lower than the 56mV shift observed with the Pt/C (Fig. 7a) . Furthermore, it was also found that Pt/C experienced a 14.1% loss in diffusion limiting current density compared to a loss of only 6.3% and 5.7% for GU and FU, respectively (Fig. 7b) . We further investigated the stability of N-doped carbonaceous catalysts and Pt/C via chronoamperometric measurements at a constant voltage of 0.55V vs. RHE in O 2 -saturated aqueous 0.1M KOH solution (with a rotation rate of 800rpm). The chronoamperometry reveals the superior durability of the N-doped carbonaceous catalysts compared to the Pt/C benchmark ( Fig. 7c ): GU and FU retained 86% and 89% of the initial Fig S1) at the different rotation rates (ω). current after 30000s, whereas Pt/C retained only 78.0%. To compare the tolerance of the cathode catalysts towards anode fuel (methanol) poisoning, the chronoamperometric response was recorded by injecting pure methanol into the O 2 -saturated aqueous solutions (Fig. 7d) . As expected, methanol promptly affected the performance of the Pt/C catalyst (current loss), which was not the case with the non-Pt GU and FU catalysts. These results indicate that the N-doped carbonaceous materials are efficient metal-free ORR catalysts with superior operational stabilities and methanol tolerances (cf. commercial Pt/C). To assess the initial feasibility of using the carbonaceous catalysts for the in situ (in fuel cells) ORR, beginning-of-life single cell polarization tests at 60°C were performed in H 2 /O 2 anion-exchange membrane fuel cells (AEMFC) that contained the GU and FU cathodes with 1 mg catalyst cm −2 loading (along with optimal PtRu/C based anodes -so that the relative performances of the cathode catalysts could be evaluated). Fig. 8 shows the performance curves of the two AEMFCs containing GU and FU. The open circuit voltage (OCV), maximum power density and internal area resistance (at peak power) are also summarized in Table 2 . Both GU and FU can be operated to reasonably high current densities (> 1.6 and 1.8Acm −2 for GU and FU, respectively).
The FU catalyst has an obviously higher in situ performance than the GU catalyst: the latter shows a low OCV, which is indicative a more significant 2 e -(rather than the desired 4 e -ORR process), which is consistent with the RRDE data presented earlier. The peak power densities achieved are high (403 and 703 mW cm −2 for GU and FU, respectively), and surpass previously reported values for AEMFCs that used metal-free, carbon-based cathodes [29] , and even higher than that of some transition metal-based carbonaceous catalysts [28] . For additional context, two very recent papers (using the same ionomer powder in the electrodes) show that peak power densities of 1.1Wcm −2 can be achieved at 60 and 70°C with non-Pt, but still precious metal as cathode 8 . Beginning-of-life H 2 /O 2 anion-exchange membrane fuel cell (AEMFC) performance curves recorded at 60°C for the GU and FU cathode catalysts (along with PtRu/C anodes): inlet gas flows were supplied with flow rates of 1 SLPM (83% relative humidity) and without gas back-pressurization). a The internal ohmic resistances at the maximum power density were estimated using the 850e instrument's internal current interrupt method.
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catalysts (PdCu/C or Ag/C, respectively) [46, 47] Hence, the performances achieved in this study are competitive with the state-of-the-art and demonstrate what can be achieved when high performance metalfree nitrogen-doped carbonaceous cathode electrocatalysts are combined with high performance anion-exchange polymer electrolytes (at least in relation to beginning-of-life performances). To achieve the best fuel cell performance using nitrogen doped carbonaceous ORR catalysts, optimization of the electrode formulation (such as catalyst loading, catalyst layer thickness, ionomer loading etc.) is required. It is also worth noting that for future applications of the carbonaceous catalysts in AEM fuel cells, long-term performance of the carbonaceous catalysts in AEM fuel cells needs to be further investigated to better understand the stability of these catalysts in real fuel cell operations.
Conclusions
We have successfully synthesized two nitrogen-doped carbon materials for use as oxygen reduction reaction (ORR) catalysts via different synthesis processes, both using (the natural mineral) tubular halloysite as template: either glucose or furfural was used as the carbon precursor, while urea was used as the nitrogen precursor. Different morphologies were observed for the materials prepared using the different carbon precursors: flaky and rod-like N-doped carbonaceous catalysts were obtained with glucose (denoted as GU) and furfural (denoted as FU), respectively. The metal-free electrocatalysts were tested for ORR in alkaline aqueous electrolytes. The rod-like FU catalyst showed a better performance than that of flaky GU catalyst. As both kinds of N-doped carbon catalysts contained similar amount of N, N species and graphitization degrees, it was inferred that the superior performance of FU was a result of the combination of the following structural features: 1) a higher surface area (824m ) accommodated more active sites; 2) a more complex pore size distribution (with micropores centred at 1.45nm and mesopores centred at 3.62nm) facilitated O 2 adsorption and diffusion; and 3) the 1D rod-like morphology benefited electron transportation. Moreover, the ORR activities compared well to a commercial Pt/C (20%wt) catalyst, with FU showing only a 45mV negative shift in half-wave potential (with only modest increases in the generation of peroxide species). Furthermore, both of the carbon catalysts outperformed Pt/C in durability and methanol tolerance tests, which suggests they are robust metal-free ORR catalysts. The catalysts yielded highly promising in situ performances when tested in the cathodes of H 2 /O 2 anion-exchange membrane fuel cells.
